Immune reactions to foreign or self-antigens lead to protective immunity and, sometimes, immune disorders such as allergies and autoimmune diseases. Antigen presenting cells (APC) including epidermal Langerhans cells (LCs) play an important role in the course and outcome of the immune reactions. Epidermal powder immunization (EPI) is a technology that offers a tool to manipulate the LCs and the potential to harness the immune reactions towards prevention and treatment of infectious diseases and immune disorders.
senting antigen to both the naive T cells and antigenspecific T cells of CD4 + and CD8 + phenotypes to stimulate both antibody and cellular immune responses. Induction of CTL responses in mice may require as few as 10 LCs, whereas the induction of an antibody response may require upto 1000 LCs [15] , [16] .
Cytokines secreted by LCs such as IL-1, IL-6, IL-12 and IL-18 play an important role in regulating the immune responses [11] , [17] , [18] . These cytokines combined with those secreted by other epidermal cells can polarize the LCs to selectively bias the development of Th1 or Th2 cells. For example, LCs promote the development of a Th1 type response in the presence of a high level of IL-12 [19] . LCs matured in the presence of a high level of IL-10, or in the absence of IL-12, stimulate the maturation of Th2 type responses [20] , [21] . Interaction of LCs with other cells of the immune system results in differential cellular and humoral immune responses and cytokine production ( Fig 1) which are important in protection against infections, and sometimes, are associated with immune disorders including allergies [22] .
Role of LCs/DCs in immunity and immune disorders

Infectious diseases
LCs play an important role in the immune responses to cutaneous infections caused by Herpes simplex virus types 1 and 2, poxvirus, papillomavirus, varicella virus, and other pathogens that cause skin infections [23] . LCs may contribute to the anti-infection immunity by at least two mechanisms, induction of cellular and humoral immunities by presenting antigen of the infectious agents to the immune system and secretion of cytokines that have direct antiviral activities [24] . Inoculation of HSV-1 or vaccinia viruses to a skin site depleted of LCs results in higher morbidity and mortality than a normal skin site in animal studies [25] . Vice versa, activation of LCs locally or systemically correlates with the resistance to infection with these viruses [26] . LCs not only contribute to the control of primary infections, but also play a role in the control of recurrent viral infections caused by HSV-1 [23] .
Allergic contact dermatitis (ACD)
ACD is mediated by responses of CD4 + T cells to the contact allergens, mostly low-molecular-weight-haptens. ACD has two phases, sensitization and elicitation. Sensitization refers to events that lead to the activation of T cells whereas the elicitation refers the events that occur when the activated T cells are re-exposed to the same allergen. The sensitization and elicitation phases of ACD are complex processes that involve different cells and molecules [27] [28] [29] . However, LCs are clearly shown to play an important role in the sensitization process. When applied to the skin, contact allergens bind to the proteins in the epidermis and become a complete antigen. The complete antigen is picked up by LCs or dermal DCs. Some allergens may bind directly to the MHC class II molecules of LCs since topically administered contact allergens accumulate in the LCs of the local skin. Once the LCs have taken up a contact allergen, they migrate to the draining lymph node and present the allergen to the naive CD4 T cells. Activated CD4 + T cells proliferate and home in the peripheral tissues including skin. In the elicitation phase (when exposed to the same allergen again), antigen presentation is still required, this may be accomplished by LCs and other skin cells. Some evidence suggests that allergen-specific T cells can be activated by allergen loaded LCs in the skin to release cytokines, which cause the infiltration of inflammatory cells.
Allergy and Asthma
Recent studies suggest that allergy and asthma are due to eosinophilic inflammation of the airway mediated by Th2 cytokines (IL-4, IL-5, IL-6, and IL-13 etc) ( Fig 1) in response to environmental stimulants [30] . Airway DCs are believed to play an important role in the sensitization to asthma [31] , [32] . The airway DCs reside in the lateral intercellular spaces of the basal epithelial cells and form a network of cells in a way similar to LCs in the skin. Inhaled allergens are captured, processed, transported to the regional lymph nodes and presented to naive T cells. The low levels or absence of IL-12 and the abundance of IL-4 and IL-10 cytokines are believed to be important in selectively biasing the development of Th2 cells. Some Th2 cytokines such as IL-3, IL-5 and GM-CSF cause airway eosinophilia, whereas other Th2 cytokines (IL-4, IL-13) cause the production of IgE antibodies by B cells. In the elicitation phase, allergen introduced cross-linking of antigen-specific IgE antibody bound to mast cells through 
Tumor
Functional impairment of LCs in the skin is believed to increase the susceptibility of tumor development upon exposure to carcinogens, UV light, or oncogenic viral infections (e.g. papillomavirus) [33] , [34] . In some cases, it is observed that presence of a large number of LCs in the tumor is of prognostic value [35] , [36] . LCs are believed to contribute to the immune protection against tumors by directly secreting cytokines with anti-tumor activity and evoking systemic immune responses to tumor associated antigens (TAA).
Technologies that target LCs for immunization
Given the importance of APCs in the initiation and regulation of immune responses, a number of strategies and techniques have been examined in the past decade to employ LCs/DCs in the prophylactic and therapeutic immunizations against infectious diseases and immune disorders. Most technologies focus on the use of DCs because they can be generated in vitro from peripheral blood monocytes or bone marrow cells [37] , [38] . The ex vivo DC-based vaccines are widely examined for cancer immunotherapy. This strategy involves in vitro generation of DCs, antigen loading, and transfusion of cells to the patient. In comparison, far fewer technologies that exploit epidermal LCs in immunization exist. The epidermis is too thin to be accessed by traditional syringe and needle injection. Application of vaccine antigens to the surface of an intact skin has been explored. Transcutaneous immunization (TCI) is a technology that topically delivers liquid vaccines using cholera toxin adjuvant [39] . Antibody responses were elicited to several protein antigens including diphtheria and tetanus toxoids, cholera toxin (CT), heat-labile toxin from E. coli (LT), and bovine serum albumin in mice [39] . TCI of humans with LT causes morphological changes in LCs, suggesting that LCs may play a role in the antibody response [40] . Topical immunization techniques may not be effective with large vaccine molecules or particle vaccine formulations (e.g. inactivated whole pathogens, or alum-adsorbed vaccines) because of the barrier function of the stratum corneum. Here Dexiang CHEN and Lendon G PAYNE high-affinity receptors triggers mast cells to release inflammatory mediators and subsequent sustained infiltration of eosinophils. Increased LC density has been observed in the affected tissue during the allergic inflammation, which is thought to be important in controlling and maintaining the inflammation.
we will focus discussion on a unique technology, Epidermal Powder Immunization (EPI), which enables efficient delivery of vaccine antigens to the LC rich epidermis.
EPI is a novel technology that was developed to target antigens to LCs in vivo. EPI has its roots in a technology that was developed in the early1990s for genetically engineering plants and then was adapted for DNA immunization [41] [42] [43] . EPI delivers antigens in the form of microscopic particles to the epidermis using a needle-free powder delivery system (or PowderJect device) and elicits broad immune responses [44] . Here we will review our findings using this technology to deliver traditional vaccines in relation to LC targeting and its potential applications in the prevention and treatment of infectious diseases and immune disorders.
Many traditional vaccines such as proteins, peptides, polysaccharides, inactivated pathogens etc are suitable for EPI [44] [45] [46] [47] . Vaccine powders can be prepared by coating antigens onto 1-2 mm gold particles or embedding them into 20-50 mm particles using sugar excipients (trehalose, mannitol, sucrose, or combinations) [44] , [47] . The driving force of the device is pressured helium gas. Actuation of the device causes the release of helium gas, which accelerates the vaccine particles to high velocity that penetrate the stratum corneum and land in the LC rich viable epidermis. In addition to targeting antigen to the LC rich epidermis, EPI offers the advantage of pain-free delivery. This is because the sensory nerve endings in the epidermis are far less dense than deeper tissues such as dermis and muscle.
A. Evidence for targeting LCs
Histological data shows that EPI delivers powdered vaccines into the LC rich viable epidermis. Antigen targeting of LCs in the target tissue following EPI is dependent on whether gold or sugar formulation was used. EPI with the gold formulation results in intracellular deposition of both gold and antigen in the epidermal cells [47] . LCs account for about 3% of the total number of the epidermal cells (Fig 2A) , thus, a fraction of particles is directly delivered to LCs. EPI delivers antigens to a skin target of approximately 110 mm 2 , which comprises approximately 1×10 5 LCs [47] . Delivering a 0.5 mg of gold coated with antigen results in up to 50% of the LCs at the vaccination site containing antigen-coated particles as revealed by an immunofluorescence microscopy(47) ( Fig 2B) . The number of antigenloaded LCs is sufficient to evoke an immune response.
EPI with a sugar formulation results in a different antigen distribution pattern than the gold formulation. The footprint of the sugar particles can be located by a tissue marking black dye, which binds to the cells with minimal diffusion after particle dissolution [48] . The discrete dark spots are visible under a light microscope ( Fig 2C) . Following sugar particle dissolution, the Tax Red labeled ovalbumin (TR-OVA) diffuses into the surrounding cells and appears to be picked up by LCs. Nearly all LCs in the target tissue appear to contain antigens ( Fig 2D) . Antigen and antigen carrying LCs are present at the site of immunization for up to 5 d although the concentrations are greatly reduced after the first 48 h (unpublished data).
EPI inherently activates LCs in the target site as evidenced by enlarged cell body and brighter staining with an I-A d specific monoclonal antibody (enhanced expression of class II antigens) [48] . LC activation is probably mediated by cytokines produced by epidermal cells when triggered by the particle penetration. In vitro culture of epidermal sheets prepared from the immunization site result in the migration of LCs into the culture medium. In vivo, antigen-carrying LCs can be shown in the regional draining lymph nodes starting 20 h after the immunization and lasting for several days (Fig 2E) . More recent studies indicate that transfer of LCs isolated from the immunization site to naive mice induces antigen-specific antibody responses, confirming that LCs are the antigen presenting cells (unpublished data).
B. Breadth of the immune responses induced by EPI
B1. Serum antibody responses: EPI elicits strong serum antibody responses in mice to a variety of antigens including inactivated influenza viruses, diphtheria toxoid, hepatitis B surface antigen (HBsAg), and HIV gp120. Using the same vaccine, EPI elicited significantly higher serum titers than syringe and needle injection via common routes (e. g. subcutaneous, intramuscular, or intraperitoneal). 
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Dose range studies indicate that EPI may require a considerably smaller antigen dose than needle injection to achieve maximal immunity [44] , [48] . The serum antibody titers are as long-lasting as those elicited by needle injection [45] . Recently, we showed that EPI elicits high serum antibody titers to influenza vaccine and HBsAg in monkeys, which have an immune system resembling that of humans.
B2. Mucosal antibodies. The majority of infectious agents gain entry to the human body through mucosal tissues, thus mucosal antibodies, i.e. secretory IgA (SIgA), in the mucosal surface are vitally important for protection. The immune system of humans and animals is compartmentalized in such a way that mucosal antibodies are only induced by direct application of vaccines to mucosal sites, whereas vaccination by a non-mucosal route (i.e. intramuscularly) normally does not elicit a mucosal immunity. However, recent data has shown that the skin immune system appears to cross talk with the mucosal immune system.
Following EPI of mice with an inactivated influenza vaccine, antigen-specific SIgA antibodies were detected in mucosal lavages of the small intestine, trachea, and vaginal tract [46] . The local origin of the SIgA antibodies was further shown by measuring antibodies released from cultured tracheal and small intestinal fragments and by detecting antigenspecific IgA secreting cells in the lamina propria using ELISPOT assays. These antibodies appear to be important for protection against experimental challenge. An adjuvant appears to be required for EPI to induce a mucosal antibody response. CT, LT, a synthetic oligodeoxynucleotide containing immunostimulatory CpG motifs (CpG DNA), and many other adjuvants were found to enhance the mucosal antibody responses to co-delivered antigens.
B3. Cytotoxic T lymphocyte response: CTLs play a vital role in host defense against viral and intracellular bacterial infections. However, non-replicating vaccines administered by intramuscular injection using a syringe and needle elicit predominantly humoral responses but not CTL responses. Proteins in the cytosol are processed and presented under the restriction of MHC class I molecules and induce CTL responses. EPI using gold particles delivers proteins to the cytosol of LCs and other epidermal cells. CTL responses were observed to HBsAg, HIV gp120, and an influenza virus nucleoprotein peptide in mice when loaded on to gold particles and administered by EPI [47] , [48] . The CTL responses were similar to the responses elicited by DNA vaccines and liveattenuated vaccines. EPI with sugar powder formulations does not normally elicit a CTL response [44] . This is because antigens in the sugar formulation are delivered extracellularly. These antigens are taken up by LCs via phagocytosis and endocytosis.
B4. T helper responses and immunomodulation with adjuvants: The T helper cell responses (Th1 vs Th2) following EPI have been examined using a number of antigens. The T helper cell responses are dependent on the antigen dose and whether adjuvant is used. In the absence of an adjuvant, both diphtheria toxoid and HBsAg induce a Th2 response as reflected by the production of low level of IFN-γ and a high IgG1/IgG2a antibody ratio [45] .
When decreasing antigen doses were tested, the Th2 response shifted toward the Th1 response (unpublished data). The T helper cell responses can be shifted towards Th1 or Th2 when appropriate adjuvants are used. For example, CpG DNA, QS-21 and LT adjuvants cause a shift to the Th1 response whereas the aluminum adjuvants and PCPP promote a Th2 response [45] .
C. Potential applications C1. Infectious diseases. EPI can elicit high levels of serum antibody, which are important for prophylactic immunization against infection by extracellu-lar bacteria and many viruses. Mucosal antibodies are particularly important because these antibodies may prevent pathogens from gaining entry to the deeper tissue. EPI may have immunotherapy potential for chronic infections caused by viruses and intracellular bacteria since EPI with antigen coated gold particles elicit a CTL response, which may help to cure established infections by eliminating infected cells. It is also important to note that EPI may allow the use of new and more potent adjuvants in routine human vaccination, which otherwise may not be safe when administered into a deeper tissue. This is because adjuvants administered by EPI appear to be gradually released from the immunization site to deeper tissue over a period of days, thus reducing the peak serum concentration and systemic toxicity. Furthermore, periodic sloughing and regeneration of the epidermis remove any residual adjuvant in the skin that may cause chronic local reactions, a problem seen with deeper tissue injection.
C2. Cancer immunotherapy: Immunizations with whole tumor cells or lysates, and recently with tumor-associated (TAA) antigens by traditional methods have produced some promising clinical results [49] . Antigen presentation is a critical regulatory element for the induction of humoral and cellular immune responses to tumors. DCs are now being widely explored for immunotherapy against a variety of tumors. The commonly used technique for DCbased cancer immunotherapy involves ex vivo cultivation of autologous DCs from the peripheral blood cells, in vitro antigen loading, and the transfer of DCs to the patients.
EPI represents an in vivo technique for developing DC-based immunotherapy. It directly delivers antigens to the cytosol of the LCs and elicits both antibody and cellular immune responses. EPI is suitable for delivering tumor cell lysates, purified antigen, and other immunostimulating agents (e.g. GM-CSF). It is technically much more suitable for commercialization when compared with ex vivo DCbased approaches.
C3. Immunotherapy for allergic diseases. Allergic diseases including ACD, asthma, and hay fever are commonly treated with corticosteroids and antihistamine drugs. Immunotherapy by subcutaneous injection of allergen over a prolonged period has been used to treat several types of allergies with variable clinical effects. It is effective in inducing prolonged remission of insect venom anaphylaxis, but is only moderately effective against hay fever, and even less effective against asthma. Although the mechanism of immune therapy in humans is not fully understood, studies using animal models suggest that immunization strategies promoting a Th1 response can decrease the formation of IgE antibodies and eosinophilia [50] . Alternatively, formation of IgG antibodies will neutralize the allergens before being captured by the IgE antibodies. EPI using antigen and an appropriate adjuvant (CpG DNA, saponin, etc) promoted strong Th1 responses in an animal model, suggesting that it may be possible to reprogram the immune system of the sensitized individual and offers a more effective means of allergy immunotherapy. Given the concept that the immune system is compartmentalized, administering treatment to skin by EPI may lead to maximal therapeutic effect in the skin and related mucosal tissues, which are normally the affected targets of allergies.
CONCLUSIONS
Given the central role of LCs and DCs in the initiation and regulation of the immune response to infectious pathogens, allergens, and tumor antigens, immunization strategies that target LCs/DCs may lead to more effective therapies against these diseases. Developing technologies for effective in vivo or in vitro targeting of LCs/DCs are ultimately important. EPI delivers antigen to the LC rich skin and generates robust immune responses in animal models. The quality of the immune responses (TH1 vs. TH2, mucosal vs. systemic, cellular vs. humoral) generated by EPI can potentially be tailored to specific therapeutic goals by choosing appropriate carrier particles and co-administration of an immunomodulator/adjuvant.
